This article unveils the dependence structure between crude oil prices, exchange rates, and the United States interest rates. We begin by using asymmetric GARCH models to examine the marginal behavior of the returns, and then various copulas are used to understand extreme market co-movements. We also investigate the causal relationship and the spillover effects by using the Granger causality test and the BEKK representation of a multivariate GARCH process. Over the 1998-2017 period, we find evidence of an inverse relationship between the U.S. interest rates and the crude oil prices. Oil-exchange rate linkages become stronger for most of the oil dependent countries considered in this article in the aftermath of the global financial crisis. There is also asymmetric tail dependence for almost all of the oil-exchange rate pairs. The results of Granger causality tests mainly indicate that crude oil prices Granger cause exchange rates. We also find that there are unidirectional volatility spillovers from WTI to exchange rates for oil exporting countries and to the U.S. interest rates. These findings provide important implications for investors to hedge the possible risk with international portfolio diversification.
INTRODUCTION
Oil is one of the most important commodities in an economy. Low oil prices could be beneficial to major crude oil importing countries' economies, but they could also severely shake the economies of major crude oil exporting countries. In particular, falling or rising oil prices could significantly affect world economic activity through exchange rate fluctuations. For example, we observed the recent Russian Ruble depreciation, which was possibly resulted from Ukraine-related sanctions, but it is well-known that falling crude oil prices was also a partial reason.
The purpose of this article is to unveil dependence structures of financial return series: WTI and Brent crude oil prices, the U.S. interest rates, and nine major oil-dependent countries' exchange rates that are not elliptically distributed. Thus, dependence measures assuming joint normality can be misleading and incorrectly yield market risk. In risk hedging and asset diversification, the dependence structure should be well specified. In order to estimate dependence, we examine the possible asymmetric tail dependence and spillover effects across markets. To our knowledge, this is the first attempt to consider the three financial returns together by utilizing copula analysis, Granger cau-sality tests and the Baba-Engle-Kraft-Kroner (BEKK) representation together. Our analysis of how these financial markets co-move will provide useful policy implications at central banks and for investment risk management. Policy makers and investors may consider not only oil price movements but also exchange rate fluctuations as well as interest rate changes, given that policy effectiveness and investment opportunities arise in joint movements between the three markets. For example, central bank intervention to raise interest rates during oil price shock could depend on whether oil prices and exchange rates co-move. In addition, the market risk caused by an oil price shock can be hedged by understanding tail dependence and volatility transmission in the oil, foreign exchange, and U.S. bond markets.
A number of studies have documented a relationship between the crude oil and other commodity or financial markets. Baruník et al. (2015) quantify negative and positive asymmetries in volatility spillovers across petroleum markets. They show that volatility spillovers significantly increase while the degree of asymmetries decreases after the financial crisis. De Schryder and Peersman (2015) examine how the U.S. exchange rate drives oil demand for a sample of 65 oil-importing countries by conducting panel estimations. They provide empirical evidence of a negative relationship between the dollar exchange rate and the demand for oil. Also, they show that the U.S. exchange rate has a stronger impact on oil demand than the global crude oil price. Bunn et al. (2017) find that speculative trading activity increases the linkage between WTI crude oil prices and natural gas futures while hedging reduces the linkage from 1993 to 2010 in the U.S. They also show that fundamental drivers for the oil price returns are real macroeconomic variables from emerging economies. Degiannakis et al. (2014) study the impacts of the oil price shocks on the European stock market volatility by using a structural vector autoregressive framework. They conclude that oil-market specific demand shocks and supply-side shocks are not associated with the stock market volatility. However, they show that aggregate demand shocks lead to low stock market volatility. Hartley and Medlock (2014) reaffirm that there is the cointegrating relationship between crude oil prices and natural gas prices in the U.S. They also provide strong evidence that the exchange rate fluctuations have explanatory power on long term movements of the crude oil-natural gas relative price. The crude oil price shock could be more likely to affect an interest rate or vice versa. A few previous studies such as Cologni and Manera (2008) and Arora and Tanner (2013) find that oil prices and interest rates have some correlation in their movements.
Previous empirical studies find that an increase in the U.S. interest rate would strengthen the dollar. For example, Hakkio (1986) mentions that there is a positive relationship between the two variables. In addition, Eichanbaum and Charles (1995) provide evidence that the dollar appreciation occurs following higher U.S. interest rates caused by a U.S. monetary contraction in the short run. Fatum and Scholnick (2004) make a similar finding from data covering 1989 to April 2001: expectations of a higher Fed Funds rate lead to dollar appreciation.
1 The empirical evidence on the dependence structure between crude oil prices, exchange rates and U.S. interest rates is less extensive than that on the oil prices shocks on the economy.
Our study particularly employs the copula-based Generalized Autoregressive Conditional Heteroscedasticity (GARCH) models to capture the potential skewness and the possibly asymmetric tail dependence structure of the returns series. We begin with examining the marginal behavior of each return series on good and bad news, so-called leverage effects first noted by Black (1976) . A number of empirical studies show that positive and negative shocks have different impacts on future volatility. We use the Threshold GARCH (T-GARCH) and Asymmetric Power ARCH (APARCH) models. Due to the possible non-normal behavior of most financial time series, we generate the standardized residuals by the models with Student-t errors, which are more appropriate for the fat tail and excess kurtosis than the normal distribution. The generated residuals are used in the analysis of the copula dependence structures. Klein and Walther (2016) find asymmetric and long memory effects in the variance of the crude oil returns. There is an infinite shock persistence for WTI while the persistence for Brent is short. Chkili et al. (2014) utilize the GARCH-type models that account for long memory and asymmetric effects to forecast conditional volatility of the four major commodity markets, such as crude oil, natural gas, gold, and silver.
Copula models have been widely used to model dependence between macroeconomics and financial time series (Cherubini et al., 2011) . Serra and Gil (2012) consider the copula tail dependence for analyzing the relationship between crude oil and biodiesel blend prices in Spain.
2 Wu et al. (2012) propose copula-based GARCH models (GARCH, GJR-GARCH, and Component GARCH) to investigate the co-movement (tail dependence) between oil prices and the U.S. dollar exchange rate. Recently, Aloui and Ben Aïssa (2016) use the vine copula based GARCH method for investigating the dependence relationship between oil, stock prices and exchange rates. The Granger causality test is also used in this study to detect the causal relationship. In financial markets, a growing interest in volatility spillover promotes the development of the method. In particular, we employ one of the multivariate GARCH models, the BEKK representation proposed by Engle and Kroner (1995) , for testing the spillover effect between our financial return series. Serra (2011) considers the BEKK representation for analyzing the conditional heteroscedasticity for the crude oil-ethanol and the sugar-ethanol pairs.
We mainly find that oil, exchange rates, and interest rates weakly co-move over our sample period. The dependence intensity in oil-currency markets for oil-exporting countries is slightly higher than for oil-importing countries. We also find that there is a negative relationship between the U.S. interest rates and crude oil prices. Oil-exchange rate linkages become stronger for most of the oil dependent countries considered in this article in the aftermath of the global financial crisis. The results for tail dependence reveal that dependence between the WTI crude oil prices and Canada, Russia, India, and Korea exchange rates during bull markets is higher than during bear markets. Using the Granger causality test, we show that there exists a unidirectional spillover effect: each exchange rate of the major oil importing countries is significantly affected by crude oil prices. Lastly, the BEKK representation provides strong evidence of bidirectional spillover effects in volatility between the Euro exchange rate and the WTI oil prices, whereas there is significant unidirectional spillover from WTI to the U.S. interest rates. Such effects do not occur between Saudi Arabian Riyal and the oil prices.
Our key findings can be comparable with those of major studies, among others, in the related literature. Wu et al. (2012) explore the dependence structure between the WTI crude oil and U.S. dollar exchange-rate returns for 1990-2009 by using dynamic copula-based GARCH models. They show a substantially weak dependence for the pair, but it becomes negative and descends from 2003. Reboredo (2012) employs correlations and copulas to estimate co-movements between the WTI crude oil prices and seven major exchange rates from 2000 to 2010. Particularly, the ARMA (p,q) T-GARCH specifications are used for modeling the marginal distributions of the return series. It demonstrates a weak relationship which is consistent with the finding of Wu et al. (2012) . By contrast, the oil price-exchange rate dependence rises substantially after the global financial crisis in 2008. Moreover, there is no extreme market dependence between the return series. Similarly, Aloui et al. (2013) examine the dependence between crude oil prices and U.S. dollar exchange rates against five major currencies by using a copula-GARCH approach. They provide evidence of a negative relationship between the oil prices and the U.S. dollar value and a symmetric dependence structure for most of the considered pairs during the sample period of 2000-2011, except for the USD/JPY-WTI and USD/JPY-Brent. A recent study by Aloui and Ben Aïssa (2016) shows similar findings for crude oil prices, U.S. market stock prices, and U.S. dollar exchange rate in a multivariate framework. The rise in the crude oil price is found to be associated with the depreciation of exchange rate and an appreciation of stock market prices from 2000 to 2013. They also find that tail dependence between crude oil prices and the stock prices increases during the extreme turbulence periods.
The layout of the article is as follows. The next section introduces the econometric methods such as GARCH models, copula methods, Granger causality tests, and the BEKK representation. Section 3 discusses data and empirical results. Section 4 offers concluding remarks.
ECONOMETRIC METHODOLOGY

GARCH Model
Volatility is an important measure of risk in finance. Asset returns with higher volatility exhibit larger price fluctuations than those with lower volatility. One popular way of modelling volatility is the GARCH(p,q) model. Engle (1982) and Bollerslev (1986) propose the ARCH and GARCH models, respectively. Engle and Ng (1993) introduce the news impact curve to measure the relationship between new information, t ε , and the future volatility, 2 1 t σ + , in the context of GARCH models. The news impact curve reflects the volatility asymmetry or leverage effect for asymmetric GARCH models.
3
To account for the possibility that our return series have excess kurtosis and conditional heteroscedasticity, we consider T-GARCH, which was introduced by Zakoian (1994) , and APARCH, which is useful to express the fat tails, excess kurtosis, and leverage effects in our empirical analysis. The APARCH model of Ding, Granger, and Engle (1993) takes the following form = , where (0,1) and
where 0 < λ. 0 , , , i i j α α η β , and λ are parameters which are needed to be estimated. Note that we can obtain different GARCH models with parameter restrictions. For example, the variance process in equation (1) reduces to the T-GARCH model when = 1 λ and 1 1 i η − ≤ ≤ (see Bollerslev, 2008 for more details). APARCH is popular due to its ability to capture persistence of volatility and volatility clustering.
In addition, this study also considers the Student-t errors to take into account the possible fatness of the distribution tails of t e . The GARCH model with conditionally Student-t distributed errors is first used and described in Bollerslev (1987) as an alternative to the normal distribution for fitting the standardized innovations. It is described by a shape parameter ν , which measures fatness at the tails of the error distribution. For each return time series, we choose orders of p and q for the autoregressive moving-average (ARMA) model based on the Akaike information criterion (AIC). Finally, we generate the standardized residuals by using appropriate ARMA(p,q) T-GARCH (1,1) and ARMA(p,q) APARCH (1,1) models with Student-t errors. Given these residuals, we will investigate the dependence structures by using various copula functions in our empirical analysis.
Copula Dependencies
A copula is a multivariate distribution function defined on the unit [0, 1] n , with uniformly distributed marginals. Sklar (1959) shows that any bivariate distribution function, C ⋅ ⋅ . More specifically, the copula can be written as ( )
where u and v are the continuous empirical marginal distribution functions of ( ) U . The copula function describes the dependence mechanism between two random variables by eliminating the influence of the marginals or any monotonic transformation of the marginals. Tail dependence is the probability for measuring the extreme co-movement among two random variables. The coefficients of upper and lower tail dependence of ( , ) X Y are defined by Nelsen (2006) as
Several attractive properties of a copula-based econometric method are as follows. First, as Sklar's (1959) theorem states, copulas allow us to separately model the marginal distributions and the joint dependence structure. Second, the copula functions are invariant under increasing and continuous transformations. Third, they do not require the marginals to be elliptically distributed, unlike the standard correlation. Finally, copulas can measure dependence in the tails of the joint distribution.
Causality Relationship
The Granger causality test (Granger, 1969 (Granger, & 1980 is a statistical hypothesis test determining whether the past values of a time series provide statistically significant information about future values of another time series. We test the absence of Granger causality by estimating the Vector Autoregressive (VAR)(1) model: Engle and Kroner (1995) propose a general multivariate GARCH model: BEKK representation. The BEKK representation extended Engle's (1982) ARCH model and Bollerslev's (1986) GARCH model to a multivariate setting. The BEKK representation is modeling the joint processes with the bivariate VAR(1) model which is 1 = , = ,
where 11 A , and 11 G are 2×2 matrices and 0 C is a 2×2 upper triangular matrix. The elements ij a of the symmetric 2 × 2 matrix A measure the degree of market shocks from market i to market j, and the elements ij g of the symmetric 2×2 matrix G indicate the persistence in conditional volatility between market i and market j. 
DATA AND EMPIRICAL ANALYSIS
In order to capture different features of the dependence structure between crude oil prices, exchange rates, and the U.S. interest rates, we employ various econometric methodologies, which are described in Section 2. We begin with specifying the marginal models for the returns as AR-MA(p,q) T-GARCH(1,1) or ARMA(p,q) APARCH(1,1) with Student-t errors and generate the standardized residuals from the marginal models. It is an important task to correctly specify the marginal models to obtain independently and identically distributed uniform [0,1] of the probability transformations, û and v, in equation (2). Given the residuals, we will investigate the dependence structures by using various copula methods. We will also examine the causal relationship between return series within the Granger causality framework and the volatility spillover effects across the markets via the BEKK parameterization of the multivariate GARCH process.
The daily dataset used in this study consists of the WTI (WTI) and Brent (BRENT) crude oil prices, U.S. 10-year Treasury constant maturity rates (TCM), and nine major oil exporting and importing countries' exchange rates against the U.S. Dollar. The countries also represent emerging and developed countries. In particular, the currencies for the oil producing and exporting countries are the Canadian Dollar (CAN), British Pound (UK), Kuwaiti Dinar (KUW), Russian Ruble (RUS), and Saudi Arabian Riyal (SAUD), and the currencies for the oil consuming and importing countries are the Japanese Yen (JAP), Indian Rupee (IND), South Korean Won (KOR), and Euro of the Eurozone (EUR). All the series in our study are measured as log returns such that
4. We carry out likelihood ratio tests within such a framework. Specifically, tests for causality-in-variance can be performed for each model, alternatively constraining the matrices A and G to be upper triangular and lower triangular, thereby allowing for causality in either direction. Imposing zero constraints on the off-diagonal coefficient is equivalent to the null hypothesis of no causality from one variable to the other, in particular, under the null hypothesis 0 12 12 : = = 0 H a g . The likelihood ratio test compares the maximum value of the likelihood function under the assumption that the null hypothesis is correct to the maximum value of the unrestricted likelihood function,
where R L and U L are the restricted and the unrestricted maximized likelihood function, respectively. Therefore, under the null hypothesis, the test is asymptotically distributed as a 2 ( ) j χ with degrees of freedom j equal to the number of restrictions. , and TCM has declined. However, the other currencies have more likely depreciated, and the WTI crude oil price has increased during the sample period. If returns are normally distributed, then the kurtosis should be three. Notice that the kurtosis statistics of our sample return series are substantially higher than three. The excess kurtosis is significantly positive, indicating that the return series has heavy tails relative to the normal distribution. Fornari and Mele (1997) point out high kurtosis as the consequence of the asymmetric behavior of the volatility. Ljung-Box portmanteau tests on return series at six and twelve lags indicate a high serial correlation in the most log return time series, except for BRENT, EUR, and JAP. The summary statistics imply that these twelve log return time series processes are not independent, identically distributed processes. Thus, we will generate serial independent standardized residuals of our return series by using the GARCH models.
Asymmetric Volatility
In the first step, we fit the ARMA(p,q) APARCH(1,1) model and the ARMA(p,q) T-GARCH(1,1) model with Student-t errors to daily returns. We favor these asymmetric GARCH models for the flexibility in capturing the leverage effect. The results of the model fitting are reported in Table 2 . The most appropriate model for each return series is selected based on AIC, and an ARMA (p, q) specification for each return series is reported in Table A1 of the Appendix. For all return series, the parameter 1 β is close to 0.9, which implies that conditional volatility highly depends on its historical returns path. The parameters 0 α and 1 η measure a constant and asymmetric effect, respectively. We find evidence for the presence of leverage effects in our sample return series. In particular, the positive (negative) parameter estimate ( 1 η ) in the table indicates that negative (positive) return shocks have more impact on volatility than positive (negative) shocks.
The coefficient estimates by the ARMA(p,q) APARCH(1,1) model are negative and highly signifi- Note: *, **, and *** denote the rejection of the null hypothesis at the 10%, 5%, and 1% levels, respectively.
cant for the crude oil price returns. The asymmetric parameter estimate for TCM turns out statistically positive, which implies that volatility tends to be higher with negative return shocks than positive return shocks of the equal magnitude. Bad news to interest rates, such as an unexpected high unemployment announcement, could cause more market reaction in the U.S. Note also that for all the exchange rates the estimates are insignificant, except for UK, IND and KOR, which are weakly significant negative at 10%. The parameter estimate of λ is close to 1. It is clear from the table that during the sample period the markets have a long memory in the sense that the autocorrelations decrease slowly. 5 This finding supports that volatility is highly persistent, and thus, the existence of volatility dependencies for the returns.
Dependence with Copula
This subsection examines the relationship between the return series by looking at the tail dependence structure. In our empirical analysis, we focus on and only discuss the results based on the WTI crude oil because of the following two reasons. A cointegrated vector autoregressive analysis in Kurita (2010) shows that the WTI crude oil has the price leadership over Brent crude oil. We are also interested in a co-movement between the U.S. interest rate and crude oil prices, and thus WTI could be more appropriate for the analysis. Notice that the results obtained by using BRENT are also reported in the Appendix. 6 This analysis could have important implications for investors to hedge the possible risk with international portfolio diversification.
According to the early theoretical perspective by Golub (1983) and Krugman (1983) , for net-oil exporters (importers), one would expect that an increase in oil prices may lead to exchange rate appreciation (depreciation) and depreciation (appreciation) when oil prices fall. However, there exists the inconsistency in the empirical literature. Most empirical findings support a positive relationship while some other studies find a negative relationship between the oil prices and the U.S. dollar exchange rate, such as Reboredo (2012) and Aloui et al. (2013) . Note that Aloui et al. (2013) offers a summary of the key findings of major studies in the related literature. We mainly find that the rise in oil prices is associated with dollar appreciation for most bilateral exchange rates, as suggested by simple correlations in Table 2 . This finding is consistent with the previous studies such as Amano and van Norden (1998) , Chen and Chen (2007) , and Basher et al. (2012) .
The intensity of this relationship varies across exchange rates in our sample: we generally observe more intensely for oil exporting countries and less intensely for oil importing countries. In particular, the crude oil prices and Japanese exchange rates are almost independent during the sample period, which is consistent with the finding in Reboredo (2012). The independence can be explained by the fact that Japan usually imports crude oil from the OPEC countries. This suggests that Bank of Japan could be more likely to raise interest rates to pursue price stability against a positive WTI oil price shock because its domestic currency and the oil prices exhibit almost independence.
7
The low correlation coefficient between two markets may provide investors or hedgers an opportunity that diversifies their portfolio risks.
Despite computational tractability of Pearson's correlation coefficients, there are significant limitations to using this statistic. The correlation is symmetric and calculated under the as-5. Ding, Granger, and Engle (1993) examine the long memory property in the S&P 500 stock market by using the power transformation of the absolute return. They find that the long memory property is strongest when a power term is close to 1.
6. Our empirical results with BRENT are generally similar to those obtained based on WTI. 7. Abhyankar et al. (2013) find that an oil price increase due to aggregate demand shocks does not always negatively impact Japanese stock returns.
sumption of a linear relationship between two random variables. However, non-linearity exists in our financial time series, as shown in Table 1 . To overcome the shortcomings, we further consider copulas. Copula is invariant to monotonic transformations, so it is more appropriate for the correlation of log returns. Furthermore, it is able to capture tail dependence and asymmetric dependence during bearish and bullish markets.
The strength of conditional dependence varies across return series as shown in the second panel of Table 3 ; it is below 0.1 for half of the considered return series (minimum 0.021 for RUS-SAUD), and for the remaining returns, it is above 0.1 (maximum 0.728 for KUW-SAUD). We also observe that the conditional correlation coefficients are stronger than unconditional ones between exchange rates for the major oil exporting countries, except for UK-CAN and CAN-RUS. The oil producing countries could have similar currency exposures to the risk of the WTI oil price changes. We also notice that the exchange rates of particular countries move together as the WTI crude oil prices fluctuate. For instance, there is a high partial correlation of 0.728 for Saudi Arabia and Ku- wait, which are neighboring countries and major oil producing and exporting countries. If we compare the unconditional correlations with the Gaussian copula partial correlations conditional on both WTI and TCM, we observe a more interesting finding. The dependence of exchange rates between the oil exporting countries generally increases. We can infer from this finding that the effects of both the U.S. oil policy and monetary policy are transmitted through the foreign exchange markets of major oil exporting countries. Lastly, we observe that there is a negative relationship between the U.S. interest rates and WTI oil prices. One possible explanation might be that when the U.S. interest rates rise, the U.S. bonds become comparatively more attractive for speculative investors, and the crude oils, which are considered as financial asset, become less attractive. A decrease in demand for crude oil lowers the oil prices. between the WTI oil prices and exchange rates for the major oil exporting and importing countries as well as the U.S. interest rates. The coefficients of upper (right) and lower (left) tail dependence are useful for measuring the tendency of markets together during the boom and bust periods. This study considers several copula functions in order to capture different patterns of extreme tail dependence: elliptical copulas (Normal and Student-t), Archimedean copulas (Gumbel, Frank, and Clayton), quadratic copulas (Plackett) and the Symmetrised Joe-Clayton copula. Each of the copulas captures symmetric and asymmetric tail dependence in different ways. The Normal, Plackett, Frank copulas are symmetric copulas with no tail dependence. The Student-t copula has symmetric non-zero dependence in tails. The Clayton has lower tail dependence with zero upper tail dependence while the Gumbel copula has upper tail dependence with zero lower tail dependence. The Symmetrised 
Joe-Clayton copula allows for upper and lower tail dependence and symmetric tail dependence as a special case. We generally find that there are weak extreme market co-movements between the crude oil market and the foreign exchange market. Our finding has important implications for risk management in that the market risk faced by investors from an oil price shock is greater than the market risk under extreme tail dependence since exchange rates cannot offset the shock. U τ is higher than L τ for the considered pairs of WTI-CAN, WTI-RUS, WTI-IND, and WTI-KOR, but the tail dependence is very weak, reaching a maximum of 0.208 for WTI-CAN. This finding indicates that dependence during bull markets is higher than bear markets of the return series. According to the empirical evidence, monetary policy should be active to offset inflationary pressure due to a positive oil price shock. The results also present that the left-tail dependence is stronger than right-tail dependence for WTI-EUR. There is no asymmetric tail dependence for the rest pairs including the pair of WTI and the U.S. interest rates. The evidence also suggests that the returns series are less likely to be influenced by a common risk factor, and thus investors can expect to be rewarded for holding the portfolio diversification benefits.
The dependence from the copulas in Table 4 is assumed to remain constant over time. In considering the possible time variation in dependence, we use a time-varying copula. Figure 1 displays correlation coefficients between the assets by using the Pearson correlation coefficients and the time-varying Normal copula correlations. Examining dependence, the oil price-exchange rate relationships are generally weak with a range from -0.4 to 0.4. The magnitude of the co-movement for most of the pairs considered in this study has varied over the sample period, but the time-varying and time-invariant correlation coefficients for WTI-KUW and WTI-SAUD are consistently close. The figure also supports that the U.S. interest rates and the WTI crude oil prices move in opposite directions, which is consistent with the observation in Table 3 .
We particularly look at the degree of dependence during financial events such as the global financial crisis. The figures clearly display that oil-exchange rate dependence significantly increases for most of the oil dependent countries considered in this article, which implies that markets are more dependent after the onset of the recent economic downturns. Given our observation of the stunning fall in crude oil prices in late 2014, we find interesting relationships between oil prices and exchange rates of Canada and Russia. The time-varying coefficients are negatively stronger: a decrease in the crude oil prices was associated with their currency depreciation. In contrast, we find little evidence of time-varying dependence for the currencies which are pegged to the U.S. dollar such as KUW and SAUD. The oil price shocks on their currencies could be absorbed by U.S. dollar value changes.
Causal Relationship and Spillover Effects
In the last step, we investigate the causal relationship and the volatility dependence across the markets by using the Granger causality test and the BEKK representation, respectively. Table  5 reports the results obtained from the Granger-Causality Wald test of WTI by using the VAR(1) model. Our findings strongly support the conventional wisdom because, overall, the crude oil price does Granger-cause an exchange rate at the 1% significance level, with the exception of SAUD. This finding indicates that the past WTI crude oil prices have a predictive ability in determining the present values of exchange rates.
From the significance probabilities, we observe that there only exists unidirectional causality for the major oil importing countries. In particular, the causal effect runs only from WTI to EU, Figure 1 : Normal copula plots using the standardized residuals JAP, IND, and KOR, but not in the opposite direction at the 5% significance level, implying that oil price shocks could be a crucial determinant of exchange rate fluctuations for the net-importing oil countries over the sample period. Note that we also find the informative evidence that there is bidirectional Granger causality, which is from the WTI oil prices to the U.S. interest rates, and vice versa. That is, the previous WTI oil prices affect the change of the U.S. interest rates, whereas the reverse works.
The BEKK parameterization of the multivariate GARCH process is capable of detecting the volatility spillover transmission mechanism across the markets, which helps financial market participants to construct optimal portfolio allocation decisions. Table 6 presents the likelihood ratio test statistics by using WTI. As explained in equation (4), ij a measures market shocks and ij g indicates the persistence in conditional volatility between markets, i and j. We test the null hypothesis about no volatility spillovers between the exchange rates and the crude oil prices as well as the interest rates. We reject the joint hypothesis of no spillovers in variance in the full sample. Our empirical analysis shows that there is significant unidirectional spillover from WTI to CAN, UK, KUW, and RUS at the 5% significance level. We can conclude that the WTI crude oil price fluctuation will be transferred to the foreign exchange markets of the major oil exporting countries. This finding of spillover direction could be useful for investors to construct portfolio diversification against risk. Note that from the results, significant volatility spillover effect from the crude oil market to the U.S. interest rate market does exist. The interest rate volatility can be affected not only by its own previous volatility but also by the WTI price volatility. This also implies that price risk influence of the crude oil on the interest is significant, which has important implications for practitioners, such as hedgers and policymakers.
We also find evidence of volatility spillovers from EUR to WTI as well as from WTI to EUR. There exist the bidirectional spillover effects in volatility between EUR and WTI. Such ef- fects also occur between IND and WTI. The two-way spillover effect indicates that price volatility in between the two markets can be mutually affected. Since volatility is a typical proxy of risk, our finding suggests that the volatility spillovers across markets negatively affect risk-averse investors. Lastly, the result reveals that the volatility spillover effect between KOR-WTI is statistically insignificant. This finding explicitly points out that, although there exists a significant unidirectional causality from WTI to KOR as shown in Table 4 , the price volatility is not transferred from one to the other.
CONCLUSION
This article unveils the dependence structure between crude oil prices, exchange rates, and the U.S. interest rates. Our analysis is mainly based on a variety of copulas with GARCH marginals, Granger causality tests, and the BEKK representation. We find evidence that these financial markets are weakly dependent and that there is an inverse relationship between the U.S. interest rate and the WTI crude oil prices. Oil-exchange rate linkages become stronger for most countries in the aftermath of the global financial crisis. Our findings provide important policy implications for policymakers faced with an oil shock and a need to stabilize exchange rates and for investors adopting hedging strategies and risk management.
By using different copula models, we generally find that there is co-movement between the oil prices and the exchange rates, but there is weak extreme market dependence. We show asymmetric tail dependence, in which the upper tail dependencies are higher than lower tail dependencies for the considered pairs of WTI-CAN, WTI-RUS, WTI-IND, and WTI-KOR. Our empirical results provide strong evidence that there is no asymmetric tail dependence for between WTI and the U.S. interest rates. Lastly, we look at the causal relationship and any spillover effects between the return series via the Granger-Causality Wald test and the BEKK representation of a multivariate GARCH process. There is bidirectional Granger causality, which is from the WTI oil prices to the U.S. interest rates, and vice versa. This study also provides strong evidence for significant volatility dependence across markets. There are unidirectional volatility spillovers from WTI to exchange rates for oil exporting countries and to the U.S. interest rates. The past innovations in the crude oil market have great impacts on future volatility in the foreign exchange market. These empirical findings could shed light on effective diversification in portfolio management. Our study provides dependence structure in a pair return series. Future research could investigate the multivariate dependence patterns by allowing the existence of an interaction between the considered return series. One can apply Kim and Hwang's (2017) directional dependence by copula to examine the causal relationship between crude oil prices, exchange rates, and the U.S. interest rates. It is also recommended that future research could obtain more insightful findings based on a stochastic volatility model, allowing a stochastic volatility process, which is more realistic than a deterministic volatility process that the GARCH models assume. The model is more flexible at the expense of the computational burden than the GARCH models. After obtaining the standardized residuals from the model, it will be interesting to investigate dependence structure based on various copula functions. Reboredo, Juan C. (2012 
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